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•  Electrolyte-free  fuel  cell  (EFFC)  in  large  cell  size  was  produced. 

•  EFFC  with  the  cell  size  of  1  cm  in  diameter  demonstrated  good  cell  performance. 

•  Low-cost  raw  materials  (Mg  and  Zn)  were  introduced  to  EFFC  for  the  first  time. 

•  The  EFFC  we  produced  would  be  an  optimum  for  the  commercialization  of  EFFC. 
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Electrolyte-free  fuel  cell  (EFFC)  which  holds  the  similar  function  with  the  traditional  solid  oxide  fuel  cell 
(SOFC)  but  possesses  a  completely  different  structure,  has  draw  much  attention  during  these  years. 
Herein,  we  report  a  complex  of  MZSDC-LNCS  (Mg0.4Zn0.6O/Ce0.8Sm0.2O2-5-Li0.3Ni0.6Cu0.07Sr0.03O2-5)  for 
EFFC  that  demonstrates  a  high  electrochemical  power  output  of  about  600  mW  cm-2  at  630  °C.  The  co¬ 
doped  MZSDC  is  synthesized  by  a  co-precipitation  method.  Semiconductor  material  of  LNCS  is  synthe¬ 
sized  by  direct  solid  state  reaction.  The  microstructure  and  morphology  of  the  composite  materials  are 
characterized  by  X-ray  diffraction  (XRD),  scanning  electron  microscope  (SEM)  and  energy-dispersive  X- 
ray  spectrometer  (EDS).  The  performance  of  the  cell  with  a  large  size  (6x6  cm2)  is  comparable  or  even 
better  than  that  of  the  conventional  solid  oxide  fuel  cells  with  large  sizes.  The  maximum  power  output  of 
9.28  W  is  obtained  from  the  large-size  cell  at  600  °C.  This  paper  develops  a  new  functional  nano¬ 
composite  for  EFFC  which  is  conducive  to  its  commercial  use. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cell  (SOFC)  is  one  of  the  most  promising  fuel 
cells  because  of  its  high  efficiency  in  energy  conversion,  relatively 
low  sensitivity  to  impurities  and  good  fuel  flexibility  [1—3].  Con¬ 
ventional  SOFC  historically  consists  of  three  basic  components 
which  include  a  porous  anode,  a  porous  cathode  and  an  electrolyte. 
And  the  electrolyte  is  used  as  a  critical  separation  barrier  to  sepa¬ 
rate  two  electrodes  [4,5]. 

Very  recently,  Electrolyte-free  fuel  cell  (EFFC)  which  was  pro¬ 
posed  and  developed  as  a  revolutionary  technology  [6-9  ,  has 
attracted  great  attention.  The  electrolyte  layer,  which  is  a  bottle¬ 
neck  of  the  conventional  SOFC  technology,  has  been  physically 
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replaced  by  a  unique  single  homogeneous  multifunctional  nano¬ 
composite  layer  in  EFFC.  It  is  amazing  to  find  that  this  novel  de¬ 
vice,  integrating  the  functions  of  anode,  electrolyte  and  cathode  of 
the  classic  three-component  structure  SOFC,  can  still  realize  the 
function  of  fuel  cell  [10—13  and  not  show  short-circuit  problem. 
The  nanocomposite  used  in  EFFC  has  two  basic  phases  which  are 
an  ionic  conductor  and  a  semiconductor  which  provide  perco¬ 
lating  paths  for  ions  and  electrons  respectively.  The  ionic  con¬ 
ductors  are  usually  Smo^Ceo.sOi.g  (SDC)  and  Ceo.gGdo.iCh.g  (GDC). 
The  semiconductors  which  work  as  binary  catalysts  for  hydrogen 
oxidation  reaction  (HOR)  and  oxygen  reduction  reaction,  are 
normally  transition  metal  oxides  such  as  NiO,  CuO,  ZnO  and  FeOx 
[14].  It  has  been  proposed  that  the  schematic  illustration  for 
conventional  SOFC  and  EFFC  can  be  understood  in  Fig.  1(a)  and  (b), 
respectively. 

The  working  mechanism  of  the  EFFC  is  different  from  the  con¬ 
ventional  SOFC  which  can  be  described  below: 
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(a)  (b) 


Fig.  1.  Schematic  illustration  of  (a)  a  conventional  three-component  SOFC  and  (b)  EFFCEFC. 


Anode: 

H2^2H+  +  20- 

Cathode: 

io2  +  2e~  — >02~ 

Overall  reaction: 

H2+io2^H20 

The  studies  on  EFFC  mainly  focused  on  the  basic  and  funda¬ 
mental  issues  such  as  redox  reaction  activities  and  investigation  of 
the  operation  mechanism  in  the  past  few  years.  In  this  work,  we 
continue  to  study  this  new  energy  device  and  mainly  focus  on  the 
development  of  new  type  and  cost-effective  materials  for  EFFC 
which  show  good  performance  for  practical  applications.  The  single 
cell  using  the  composite  was  fabricated  and  studied  by  the  micro¬ 
structure  analysis  on  the  as-prepared  sample.  Moreover,  the  power 
output  of  the  fuel  cells  was  measured.  For  the  first  time,  we  made 
use  of  Zn  and  Mg  in  EFFC  to  reduce  the  cost  and  produced  the  single 
cell  which  showed  good  performance  with  a  large  size  (6x6  cm2) 
to  meet  the  demands  for  practical  applications. 

2.  Experimental 

2.1.  Synthesis  of  the  MZSDC-LNCS  (Mgo.4Zno.6O/Ceo.8Smo.2O2-5- 
LiojNio.6Cuo.o7Sro.o302-8)  powder 

Preparation  of  MZSDC.  MZSDC  was  prepared  by  one-step  co¬ 
precipitation  technique  as  reported  elsewhere  [18].  Mg(N03)2  -6H20, 
Zn(N03)2-6H20,  Ce(N03)3-6H20  and  Sm(N03)3-6H20  were  dis¬ 
solved  in  deionic  water  with  an  optimal  molar  ratio  of 
Mg:Zn:Ce:Sm  =  0.12:0.18:0.55:0.14  to  form  a  solution  with  concen¬ 
tration  of  0.1  mol  L-1.  Then  Na2C03  solution  of  0.2  mol  L r1,  used  as  a 
precipitation  agent,  was  added  dropwise  under  vigorous  stirring  for 
30  min  to  form  a  white  precipitation.  The  precipitate  was  then 
washed,  filtrated  and  dried  in  the  oven  at  room  temperature  for  24  h 
and  sintered  in  a  furnace  at  700  °C  for  4  h.  The  resulting  material  was 
then  completely  ground  in  a  mortar  to  generate  MZSDC  composite 
powder. 

Preparation  of  LNCS.  Semiconductor  material  of  Lio.3Nio.6Cuo.07 
Sro.o302-<5  (LNCS)  was  synthesized  by  direct  solid  state  reaction 
method.  Stoichiometric  amounts  of  Li2C03,  NiC032Ni(0H)2-4H20, 
CUCO3  •  Cu(OH)2  •  H20  and  SrC03  were  mixed  and  ground  with  a  molar 
ratio  of  Li:Ni:Cu:Sr  =  0.3:0.6:0.07:0.03  in  a  mortar,  then  the  mixture 
was  sintered  at  800  °C  for  2  h  and  then  ground  completely. 


The  MZSDC-LNCS  powder  was  prepared  by  mixing  the  above 
MZSDC  and  LNCS  powder  with  the  weight  ratio  of  4:3.  The  mixture 
was  wet  milled  in  organic  medium  for  48  h  using  a  ball  milling 
machine,  and  then  heated  at  700  °C  for  2  h. 

2.2.  Cell  fabrication 

A  fuel  cell  was  fabricated  by  a  dry  pressing  method.  The  small 
size  cell  was  fabricated  with  an  active  area  of  0.64  cm2  (13  mm  in 
diameter  and  0.80  mm  in  thickness).  The  large  size  cell  was  fabri¬ 
cated  by  pressing  the  prepared  mixture  powder  with  a  pressure  of 
100-300  MPa  to  form  the  tablet.  The  large  size  cell  was  fabricated 
with  an  active  area  of  25  cm2  (1  mm  in  thickness).  Then  the  cells 
were  hot-pressed  under  30  tons  at  650  °C  for  120  min  to  form  a 
dense  plate  with  enough  mechanical  strength.  The  external  sur¬ 
faces  of  the  electrodes  were  fabricated  by  copper  grating  and  silver 
paste  for  the  large  size  and  small  size  cell  respectively,  which  act  as 
the  current  collectors  to  achieve  good  I-V  and  I—P  characteristics 
for  the  fuel  cells. 

2.3.  Characterization  of  the  MZSDC-LNCS  powder  and  the  small 
size  cell 

The  crystal  structure  of  the  as-prepared  composite  material  was 
analyzed  by  X-ray  diffraction  (XRD)  using  Rigaku-D/Max-3A 
diffractometer  with  Cu-Ka  radiation.  The  XRD  spectra  were  recor¬ 
ded  from  20°  to  80°  at  a  scan  speed  of  8° /min.  The  morphology  of 
the  samples  was  studied  with  a  Zeiss  Ultra  55  field  emission 
scanning  electron  microscopy  (FE-SEM).  Components  of  the  small 
size  cell  were  identified  by  the  energy  dispersive  X-ray  spectrom¬ 
eter  (EDX)  analyzer  (XP30,  Philips). 

The  electrical  conductivity  of  the  small  size  cell  was  measured 
in  air  by  A.C.  impedance  spectroscopy  method  in  a  temperature 
range  of  300-650  °C  using  an  electrochemical  work  station 
(CHI660B,  Cheng  Hua  Corp.),  and  the  measurement  was  per¬ 
formed  in  the  frequency  ranging  from  1  Hz  to  100  kHz  with  a  bias 
voltage  of  5  mV. 

2.4.  Fuel  cell  performance 

The  electrochemical  performance  of  the  fuel  cells  was  tested  at 
530-650  °C  by  a  computer  integrated  instrument,  where  hydrogen 
and  air  were  used  as  the  fuel  and  oxidant  respectively.  The  gas  flow 
rates  was  in  the  range  of  80-110  seem  for  the  small  size  cell  and 
1000—2000  ml  for  the  large  size  cell  at  1  atm  pressure.  The  elec¬ 
trochemical  performance  of  the  cell  with  large  size  was  recorded  at 
temperature  of  600  °C. 
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3.  Results  and  discussion 

3.1.  Phase  analysis  and  crystal  structure 

Fig.  2  shows  the  XRD  patterns  of  the  as-prepared  samples.  The 
XRD  pattern  of  MZSDC  is  similar  to  that  of  pure  Ce02,  only  the  26 
values  slightly  shift  toward  the  relatively  higher  angles.  It  contains 
a  cubic  fluorite  structure  of  Ce02  (JCPDS  No.  81-0792).  No  indi¬ 
vidual  phase  of  Sm203,  MgO  or  ZnO  can  be  detected,  which  shows 
that  Sm3+,  Zn2+  and  Mg2+  have  been  co-doped  into  ceria.  The  index 
of  crystal  lattice  increases  due  to  the  substitution  of  Ce4+  with 
Sm3+,  Zn2+  and  Mg2+  in  the  lattice  of  Ce02  [15].  As  reported  in 
previous  work  [16],  using  the  above  preparation  method,  a  doped 
ceria-Na2C03  two-phase  composite  can  be  formed  which  is  same  to 
that  of  SDC-Na2C03  composite.  The  Na2C03  was  amorphously 
distributed,  since  no  peak  was  observed.  As  for  the  XRD  pattern  of 
LNCS,  two  different  series  of  diffraction  patterns  are  observed, 
which  can  be  ascribed  to  LiNiO  and  CuO,  respectively.  XRD  pattern 
of  Sr-containing  compound  cannot  be  observed  due  to  the  very 
little  content  of  Sr.  The  XRD  pattern  of  MZSDC-LNCS  composite 
showed  that  it  is  a  mixture  of  LNCS  and  MZSDC  phases.  No  other 
phase  can  be  found,  indicating  that  there  is  no  obvious  interaction 
between  LNCS  and  MZSDC. 

3.2.  Microstructure  and  morphology 

Fig.  3(a)  shows  the  photograph  of  an  as-prepared  fuel  cell  of 
large  size.  The  single  cell  has  an  effective  area  of  25  cm2  with  the 
thickness  of  1  mm.  The  SEM  results  present  the  microstructure 
information  of  the  as-prepared  MZSDC  sample  and  LNCS  sample  as 
shown  in  Fig.  3(b)  and  (c).  The  particle  size  and  morphology  of  the 


as-prepared  samples  can  be  modulated  by  the  preparation  pa¬ 
rameters,  especially  the  sintering  temperature  and  reaction  time. 
The  particle  size  of  MZSDC  ranges  from  tens  of  nanometers  to 
several  hundreds  of  nanometers.  For  LNCS,  the  particle  size  is  in  the 
range  of  several  hundred  nanometers  to  micrometers  and  the 
sample  is  heavily  agglomerated  due  to  the  high  sintering  temper¬ 
ature.  EDS  can  measure  the  local  chemical  composition  of  the 
samples  due  to  the  compactness,  efficiency  and  sensitivity  [17].  The 
EDS  results  show  that  the  nanostructure  and  morphology  of  the 
particle  are  uniform.  Fig.  4  shows  the  EDS  spectrum  of  the  elements 
in  the  single  cell  in  detail.  The  figures  show  the  presence  of  Ce,  Sm, 
Mg,  Zn,  Ni,  Cu  and  Sr  peaks.  To  gain  further  insight  into  the  chemical 
composition  of  the  particles,  Fig.  5  presents  the  elemental  mapping 
of  the  MZSDC-LNCS  pellet.  It  should  be  noticed  that  MZSDC-LNCS 
sample  has  an  evenly  distributed  MZSDC  and  LNCS  particles,  which 
will  be  helpful  to  enhance  the  performance  of  the  cell. 

3.3.  AC  impedance  and  electrical  conductivity 

Fig.  6  presents  the  electrochemical  impedance  spectroscopy  (EIS) 
and  the  corresponding  equivalent  circuit  of  the  cell.  The  equivalent 
circuit  was  simulated  by  software  of  ZSIM  in  order  to  find  the  in¬ 
ternal  resistances  of  the  cell.  The  frequency  in  measurements  is 
ranging  from  1  MHz  to  0.1  Hz  via  tailoring  the  voltage  at  different 
temperatures.  The  EIS  result  shows  the  same  feature  which  is  a 
“semicircle”  in  low  frequency  followed  by  a  “tail”.  Based  on  the  small 
intercept  at  the  real  axis  of  the  “semicircle  portion”.  It  can  be 
concluded  that  both  the  reactions  for  H2  and  O2  are  fast  kinetic 
processes.  This  conclusion  implies  that  a  mixed  MZSDC-LNCS  ho¬ 
mogenous  material  has  the  high  catalytic  activity  for  both  H2  and  02. 
In  the  equivalent  circuit,  R1  denotes  the  ohmic  resistance  which  is 
mainly  caused  by  the  oxygen  ions  and  electrons.  In  this  case,  the 
ohmic  resistance  contains  both  of  the  contributions  from  the  elec¬ 
trons  and  ions.  R2Qand  R3Q  denote  the  charge  transfer  and  mass 
transfer  resistances,  respectively.  L  indicates  the  effect  of  stainless 
tube  in  the  testing  device.  In  addition,  arcs  in  the  spectra  of  the 
sample  shrink  as  the  measurement  temperature  increases  from 
300  °C  to  600  °C.  The  results  can  reflect  that  the  overall  resistance  of 
the  cell  is  decreased  with  increasing  temperature. 

The  electrical  conductivity  of  the  as-prepared  sample  is  further 
calculated  based  on  the  EIS  results.  The  electrical  conductivity  is 
gradually  increased  from  300  °C  to  600  °C.  The  total  conductivity 
reaches  the  maximum  of  about  0.1  S  cm-1  at  600  °C.  It  was  reported 
that  dopant  with  a  suitable  concentration  is  necessary  to  get  the 
optimum  conductivity  [18  .  The  introduction  of  alkaline  earth  ions 
into  co-doped  ceria  can  also  result  in  the  improvement  of  ionic 
conductivity  in  the  as-prepared  sample  [19].  The  deliberate  choice 
of  LNCS  weight  ratio  for  the  sample  will  lead  to  suitable  electrons 
production  in  the  cell.  Both  the  ionic  MZSDC  and  electronic  LNCZ 
phases  contribute  to  the  electrical  conductivity  due  to  their  co¬ 
existence  in  the  complex.  The  reaction  in  single  cell  will  be 
enhanced  because  of  the  high  ionic  conductivity. 


Fig.  3.  (a)  Photo  of  the  as-prepared  cell;  FE-SEM  images  of  the  individual  (b)  MZSDC  and  (c)  LNCS  powders. 
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Fig.  4.  EDS  spectrum  of  MZSDC-LNCS  component. 


3.4.  Cell  performance 

Zn  and  Mg  were  introduced  into  the  ionic  conductor  part  in 
single  fuel  cell  which  can  maintain  the  good  output  performance 
and  reduce  the  overall  cost  of  the  fuel  cell  simultaneously.  The  well- 
connected  Mg  and  Zn  also  contribute  to  the  high  performance  of 
the  fuel  cell.  Zinc  oxide  and  magnesium  oxide  have  drawn  much 
attention  in  the  SOFC  research  because  of  their  abundant  avail¬ 
ability,  low  cost,  thermal  and  chemical  stability,  and  high  electrical 
conductivity  at  both  reducing  and  oxidizing  atmospheres  [20].  It 
was  reported  that  a  doped  ceria  in  composite  with  zinc  oxide  can 
improve  the  electrical  conductivity  [21]  and  Mg  can  be  used  to 
improve  the  grain-boundary  conduction  in  SOFC  [22].  One  function 
of  MgO  and  ZnO  in  MZSDC  is  to  alter  the  electronic  states  of  these 
particles  for  improvement  of  the  catalytic  activity  [23].  And  the 
other  one  is  that  the  introduction  of  Mg(N03)2-6H20  and 
Zn(N03)2-6H20  which  were  used  to  partly  replace  the  rare  earth 
materials  of  Ce(N03)3  -6Fl20  and  Sm(N03)3-6Fl20  in  fuel  cell,  will 
reduce  the  cost  of  whole  device.  The  introduction  of  Sr  can  increase 
the  electrical  conductivity,  improve  the  operational  stability  and 
lead  to  good  cell  performance  for  EFFC  due  to  the  greater  amount  of 
electronic  holes  originated  from  the  increased  interstitial  oxygen 
species  [24,25].  MZSDC  is  an  oxygen  ionic  conductor,  while  the 
metal  oxides  (NiO  and  CuO)  have  shown  high  catalytic  activity  for 
both  hydrogen  oxidation  reaction  and  oxygen  reduction  reaction 
[26].  It  is  well  known  that  Li+  doped  NiO  is  a  p-type  semiconductor, 
while  CuO  is  an  n-type  semiconductor.  Thus  a  p-n  junction  may  be 
formed  within  LNCS  to  keep  an  effective  charge  separation  to  block 
the  internal  electronic  conduction  in  EFFC  when  exposed  to  H2  and/ 
or  O2  atmosphere  [7].  Therefore,  the  as-prepared  MZSDC-LNCS  can 
satisfy  the  material  requirement  for  EFFC  which  has  the  potential 
for  commercialization. 


Performance  of  the  fuel  cell  of  small  size  is  shown  in  Fig.  7.  It  is 
found  that  the  power  density  increases  when  the  operating  tem¬ 
perature  increases.  The  maximum  power  density  (Pm ax)  of  the  cell, 
using  H2  as  the  fuel,  reaches  the  maximum  of  about  600  mW  cm-2 
at  650  °C,  which  is  402  mW  cm-2  at  530  °C.  The  open-circuit 
voltage  (OCV)  is  1.08  V  at  650  °C.  The  electrode  polarization  pro¬ 
cess  is  not  evident  as  indicated  by  the  near  linear  characteristics  of 
the  I-V  curve  in  Fig.  7.  The  LNCS/MZSDC  material  is  a  new  type 
material  for  EFFC,  which  has  demonstrated  a  good  device  perfor¬ 
mance  with  power  density  of  9.28  W  (371  mW  cm-2)  obtained 


Fig.  6.  Electrochemical  Impedance  spectra  and  the  corresponding  equivalent  circuit  of 
the  cell  pellet. 


Fig.  5.  (a)FE-SEM  micrographs  of  the  MZSDC-LNCS  powder.(b)  Ce,  (c)  Sm,  (d)  Mg,  (e)Zn,  (f)Ni,  (g)  Cu  and  (h)  Sr  elemental  mappings  of  the  MZSDC-LNCS  powder.  The  mapping 
regions  are  showed  in  Fig.  4(a). 
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Fig.  7.  I—V/I—P  characteristics  of  the  small  size  fuel  cell  at  different  temperatures. 


Table  1 

The  cell  performance  of  the  EFFC  with  large  size. 


ocv/v 

Load 

Current/A 

Voltage/V 

Power/W 

Power  density/mW  cm  2 

1.02 

11.6 

0.8 

9.28 

371 

from  a  large  size  device  at  600  °C  (Table  1).  The  reported  perfor¬ 
mances  of  single  cell  for  EFFC  are  commonly  based  on  small  sizes 
(less  than  1  cm2)  and  the  power  output  is  usually  less  than  1  W  [8- 
11,26].  The  Pmax  of  EFFC  reported  by  Zhu  et  al.  was  600  mW  cm-2 
and  450  mW  cm-2  when  using  LiNiZnC^-^— SDC  mixed  layer  and 
LiNi02-GDC  composite  material,  respectively,  and  the  measure¬ 
ment  temperature  is  550  °C  [6,7].  In  this  work,  we  fabricate  both 
the  large  size  and  the  small  size  cells  at  the  same  time.  As  can  be 
seen  from  Table  1  and  Fig.  6,  the  Pmax  of  large  size  cell  at  600  °C  is 
much  lower  than  that  of  small  size  cell.  As  reported  in  literature, 
cell  of  large  size  will  cause  significant  loss  to  the  power  density.  The 
Pmax  of  the  cell  with  size  of  4.1  x  4.1  cm2  is  303  mW  •  cm-2  at  550  °C, 
as  reported  by  Lin  et  al.  [27].  There  are  very  few  reports  on  the 
subject  of  fabricating  large  size  cells  for  EFFC  in  recent  years.  The 
present  work  has  contributed  to  the  development  in  the  field, 
which  will  help  to  the  commercialization  of  EFFC  in  the  future. 

4.  Conclusions 

In  this  study,  we  have  fabricated  an  EFFC  in  which  homogeneous 
material  of  MZSDC-LNCS  is  used  as  the  single-component  oxide 
layer.  The  total  resistance  of  the  cell  is  decreased  with  increasing 


temperature.  The  fuel  cell  is  fabricated  as  a  practical  engineering 
cell  which  shows  the  promising  performance.  The  maximum  po¬ 
wer  density  of  the  cell  with  a  small  size  is  about  600  mW  cm-2  at 
630  °C  when  H2  and  air  are  used  as  the  fuel  and  the  oxidant, 
respectively.  The  maximum  power  of  9.28  W,  which  is  obtained 
from  a  large  size  EFFC  (6x6  cm2)  at  600  °C,  was  comparable  or 
even  better  than  that  of  the  conventional  solid  oxide  fuel  cells  with 
large  sizes.  The  EFFC  shows  good  performance  with  low  cost,  which 
has  great  potential  for  the  commercial  application  in  the  future. 
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